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Abstract 

Stacked precursors of Cu-Zn-Sn-S were grown by radio frequency sputtering and annealed in a furnace with Se 
metals to form thin-film solar cell materials of Cu 2 ZnSn(S,Se) 4 (CZTSSe). The samples have different absorber layer 
thickness of 1 to 2 liiti and show conversion efficiencies up to 8.06%. Conductive atomic force microscopy and 
Kelvin probe force microscopy were used to explore the local electrical properties of the surface of CZTSSe thin 
films. The high-efficiency CZTSSe thin film exhibits significantly positive bending of surface potential around the 
grain boundaries. Dominant current paths along the grain boundaries are also observed. The surface electrical 
parameters of potential and current lead to potential solar cell applications using CZTSSe thin films, which may be 
an alternative choice of Cu(ln,Ga)Se 2 . 
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Background 

Cu 2 ZnSn(S,Se) 4 (CZTSSe) quaternary semiconductors at- 
tract a lot of interest for thin-film solar cells [1]. Competi- 
tion in the solar cell market is nowadays hard-hitting, so it 
is getting more concern on the cost in the manufacturing 
of the thin-film solar cells. CZTSSe consists of relatively 
cheap and earth-abundant elements of Zn and Sn. In con- 
trast, Cu(In,Ga)Se 2 (CIGS), which is now mostly pro- 
mising for commercialization, has expensive and rare 
elements of In and Ga. CZTSSe shows high absorption 
coefficient and the band gap of it can be tuned with chan- 
ging S and Se composition. 

So far, the highest conversion efficiency of CZTSSe is 
reported as 11.1% in non- vacuum process with hydra- 
zine [2] and 9.2% in vacuum process by co-evaporation 
[3,4]. Very recently, Solar Frontier announced the con- 
version efficiency of 10.8% in the CZTSSe solar cell 
module of 14 cm 2 [5], which indicates presumably 12 
to 13% of the conversion efficiency in the cell level. 
For large area deposition, sputtering methods have an 
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advantage in production of CZTS-based solar cells [6,7]. 
It is likely that compound sources such as ZnS and SnS 
can improve adhesion between the substrate and the 
thin film during deposition. Moreover, it is believed that 
the method can increase grain size, control composition, 
and improve surface morphology of precursors [8,9]. In 
order to put Se into the as-grown CZTS stacked pre- 
cursors, optimization of annealing conditions of the pre- 
cursors in Se atmosphere is decisively important. In 
previous reports, the different stacking orders of precur- 
sors determine the crystallinity and grain growth of the 
CZTSSe thin films [10,11]. The results showed dense 
morphology and little voids on surface in case of Cu/ 
SnS/ZnS/Mo/glass [12,13]. 

There are some models to exhibit the advantageous 
properties of grain boundaries (GBs) of polycrystalline 
CIGS. Jiang et al. proposed that GBs acting as a factor to 
improve cell performance contrary to single-crystal solar 
cells by scanning probe characterization. GBs of CIGS 
drive majority carriers to repel out of the regime, which 
results in suppression of recombination [14,15]. Yan et al. 
suggested that GBs in CIGS electrically benign and not 
harmful to photovoltaic due to not creating deep levels 
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[16]. On the other hand, valence band maximum at GBs 
acts as hole barriers, it reduces recombination at GBs [17]. 
Recently, Abou-Ras et al. identified Se-Se-terminated Z3 
{112} twin boundaries, indicating that Cu is depleted and 
In is enriched in the two atomic planes next to the twin 
boundary by high-resolution scanning transmission elec- 
tron microscopy and electron energy-loss spectroscopy 
[18]. Takahashi group in Japan also reported that down- 
ward band bending of the conduction band and broaden- 
ing of the band gap near GBs are observed by photo- 
assisted Kelvin probe force microscopy. It accounts for 
photo-carriers well separate and suppress the recombin- 
ation at GBs [19]. Therefore, we have to investigate care- 
fully carrier transport at GB in CZTSSe thin films, which 
is not yet clearly identified for the role of GBs. We already 
reported positive potential bending of GBs on CZTSe thin 
films, grown by electron co-evaporation, which showed 
2% to 3% of conversion efficiency [20]. In this study, we 
investigate sputtered CZTSSe thin-film solar cells, which 
exhibit better device performance than the previous sam- 
ples. We report local carrier transport and surface poten- 
tial of CZTSSe thin films using conductive atomic force 
microscopy (C-AFM) and Kelvin probe force microscopy 
(KPFM), respectively. For the complete understanding of 
the behaviors at GBs in CIGS films, recombination at GBs 
is diminished also due to downward band bending re- 
duced density of deep-level in-gap states (i.e., recombin- 
ation centers) and expect relatively efficient minority- 
carrier collection at GBs, as shown by scanning tunneling 
microscopy (STM) measurements [21,22]. Future analysis 
using STM can be addressed for GBs of CZTSSe thin 
films. 

Method 

CZTSSe thin films were grown on Mo-coated soda-lime 
glass substrates. The metal precursor layers were depos- 
ited by radio frequency sputtering using Cu, ZnS and 
SnS targets. The staking order of the precursors in this 
study was Cu/SnS/ZnS/Mo/glass. Thickness of each 
stacked layer was changed from 0.4 to 0.7 urn. After the 
deposition, the precursors were annealed with Se metals 
in a furnace at 590°C for 20 min. Thickness of the 
annealed CZTSSe film was 1.8 um for this study. From 
X-ray diffraction, the film shows single phase of CZTSSe 
without any significant second phases. We obtained the 
final composition is Cu/(Zn + Sn) ~ 0.94 and Zn/Sn ~ 
1.65 of CZTSSe thin films by energy dispersive spec- 
trometry (EDS). S/Se ratio is estimated to be approxi- 
mately 0.1. The grain size indicates 1 to 2 um of the 
CZTSSe thin film investigated by field emission scanning 
electron microscopy (FE-SEM) (JSM-700 F). 

KPFM and C-AFM measurements were carried out 
using a commercial AFM (n-Tracer, Nanofocus Inc., 
Seoul, South Korea). KPFM has been used widely for 



metals and semiconductors to characterize electrical pro- 
perties of the surfaces at nanoscale. From KPFM mea- 
surement, we obtain contact potential difference (CPD) 
between a metallic AFM tip and a sample which is de- 
noted as Vcpd- Vcpd can be defined as Equation (1) and 
identical as the work function difference between the tip 
and the sample if there are no defect states on the surface 
of the sample. If the tip approaches to the sample surface, 
electrostatic force is getting stronger between the tip and 
the sample surface. When the tip is close enough to the 
sample surface, Fermi levels of the tip and the sample will 
be aligned and become equilibrium state but the vacuum 
levels are not the same [23]. The external bias DC voltage 
(Vdc) nullifies Vcpd as shown in Figure la. A Pt/Ir-coated 
tip was used for C-AFM and KPFM (Nano sensor). The 
surface potential and topography were determined under 
a non-contact mode by applying AC voltage with ampli- 
tude of 1 V (peak to peak) and frequency of 70 kHz to get 
clear images and sufficient sensitivity. The AC voltage will 
lead to an oscillating force to the tip. The feedback loop 
adjusted the DC potential to nullify the V C p D component 
by applied DC bias to the tip, so we can obtain the two- 
dimensional surface potential image. The topography im- 
ages were obtained by using the noncontact mode at a 
resonant frequency of the probe of about 73.84 kHz. The 
scanning rate was with 0.5 Hz to minimize topological 
signal and samples were not damaged performing these 
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Figure 1 Schematic illustration of (a) Kelvin probe force 
microscopy and (b) conductive atomic force microscopy. 
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measurements. A lock-in amplifier was operated with a 
sensitivity of the 100 mV/nA. 

*Ptip — ^sample / n \ 
^CPD = UJ 

-e 

Current maps were obtained at contact mode with ap- 
plying external constant voltage 0.2 V on the samples in 
a 5 x 5 (im 2 scanning areas shown in Figure lb. The Mo 
layer is used for back contact which was connected to a 
metal-coated conducting probe that is ground. Silver 
paste was used for the electrical contact for this meas- 
urement. A contact force of 1 nN was applied onto a 
probe for the scanning area and the scanning time was 
set at 500 ms for each line to acquire a local current 
map measurement. Local current maps can be measured 
simultaneously together between sample and tips. The 
AFM laser has the wavelength of 633 nm (E = 1.95 eV) is 
above the band gap of CZTSSe films (E= 1.0 to 1.1 eV). 
Thus, the photon energy is greater than the band gap of 
the CZTSSe layer, the power of laser is low which does 
not affect photo-current contribution significantly. Con- 
sidering local current and surface potential results, we 
can identify local electrical properties such as GBs of the 
CZTSSe thin film by comparing the images of the top- 
ography with that of the surface potential and current 
maps. 

Results and discussion 

A typical device characteristic of the CZTSSe samples 
that are studied in this paper is summarized in Table 1. 
The solar cell is fabricated with w-doped CdS layer on 
the CZTSSe thin films. The CdS layer was formed by 
chemical bath deposition with 30 nm of thickness. Open 
circuit voltage (Vo C ) of the cell is small due to its low 
band gap and probably interface band-off between CdS 
and CZTSSe and the fill factor (FF) is relatively small be- 
cause its carrier path and surface serial resistance are 
not defined well [24]. To obtain the high-efficiency solar 
cells, we need to improve V oc and FF. 

Figure 2 shows topography, surface potential, and the 
line profiles of the CZTSSe thin film. Grains of the 
CZTSSe films are shown in Figure 2a. The grains seem 
to possess small particulates. In Figure 2b, yellow region 
represents positive potential value and blue region indi- 
cates negative potential value. The one-dimensional line 
profiles in Figure 2c project the blue line of Figure 2a,b. 
In Figure 2c, the CZTSSe thin film reveals high positive 



Table 1 Device performances and composition of CZTSSe 
thin-film solar cell 
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Figure 2 Topography (a), corresponding potential images (b), 

and one-dimensional line profile (c) of the CZTSSe thin film. 

k J 

surface potential near GBs. CIGS thin films form po- 
sitively charged GBs which is related to negative band 
bending. The negative energy bending near GBs improves 
carrier separation and suppresses recombination of elec- 
tron-hole pairs at GBs [14,15] because holes tend to be 
kept away from the GB region. However, the minority- 
carrier electrons are moving into the GBs, which might be 
a trade-off for carrier migration to the electrodes. It is de- 
sirable to study carrier transport in the intragrains (IGs) as 
well as the GBs. Surface potential distribution in the 
CZTSSe thin film shows similar behaviors to the CIGS 
thin films. The potential near GBs in the CZTSSe thin 
film indicates about 300 mV and negative potential 
about -100 to -200 mV at IGs, which is linked to negative 
band bending on GBs of the CZTSSe thin film. This is 
consistent with the fact that some of the minority carriers 
(electron) transferred to and collected at GBs in the 
CZTSe thin film [25]. Thus, electron-hole carriers separ- 
ate effectively on GBs of CZTSSe thin film not acting as 
recombination center, which is a similar phenomenon oc- 
curring in CIGS. In order to clarify the relationship be- 
tween topography and surface potential, we introduce a 
topographic parameter 0 = d 2 H/dX 2 . H is the height and 
X is the lateral direction. So the second derivative of H 
with respect to X means the concave or the convex shapes 
of the surface topography. Since & is an indicative of the 
surface alterations of the films, we can expect the positive 
value as GBs and the negative as IGs. From this parameter, 
we are able to ascertain roughly the region of GBs on the 
surface. Some groups claim that additional information 
like electron beam backscattered diffraction (EBSD) is re- 
quired to confirm the granular nature of the local regions 
[26]. However, our approach is also widely acceptable for 
inspection of the surface topography and potential. The 
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experimental results on the relationship between potential 
and surface are verified, but the implications of the rela- 
tionship will be further investigated in particular for the 
regard of conversion efficiency. 

Conductive atomic force microscopy 

Figure 3 shows topography, current map, and the line 
profiles of the CZTSSe thin film. Local current flows up 
to larger than 6 nA on GBs in the CZTSSe thin film. In 
case of CIGS, magnitude of current showed about 2 nA 
under the sample external voltage of 0.2 V [27]. The 
CZTSSe thin film exhibits local current flowing mostly 
near the GBs as displayed in Figure 3c. Local current 
routes are formed near the GBs of the CZTSSe thin film. 
The one-dimensional line profile shows the current 
flows at the edge of the grains. Similar current distribu- 
tion was observed in the GBs of the CIGS thin films 
[28,29]. Azulay et al. proposed that higher dark current 
flow through the GBs because of higher hole mobility on 
the GBs and then inversion of the dominant carrier type 
at the GBs [29]. Therefore, electrons can become domin- 
ant carriers in GBs and drift along GBs of the CIGS thin 
films [27,29]. From C-AFM measurement, we can sug- 
gest that collected minority carriers form local current 
route through the near GBs in the case of the CZTSSe 
thin film, indicating that it is possible that carrier type 
inversion can also happen in the CZTSSe thin films. 

From the measurement results of KPFM and C-AFM, 
we found positive potential on the most of GBs and 
demonstrated downward band bending in the CZTSSe 
thin film. On the other hand, the negative potential on 
the GBs is linked to the upward band bending. A model 
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Figure 3 Topography (a), corresponding current-map images 
(b), and one-dimensional line profile (c) of the CZTSSe thin film. 



of surface potential and carrier transport is described in 
Figure 4. The positively charged GBs play a role to be a 
conduction path and collect minority carriers. However, 
the defects in the GBs are not well known yet. So, the 
carriers can be trapped in the defects near the GBs 
[30], which may be drawbacks for high efficiency of the 
CZTSSe solar cells. The model of band diagram depends 
on charged GBs can be affected by film properties such as 
composition and conversion efficiency [20]. It is indispen- 
sible to understand the defect chemistry and transport 
near GBs of the CZTSSe. If all the understandings are well 
established and proper processing methods are developed, 
polycrystalline kesterite thin films are beneficial to device 
performance for solar cells. 



Conclusions 

We measured surface potential and current transport of 
the CZTSSe thin film with Kelvin probe force micros- 
copy and conductive atomic force microscopy, respect- 
ively. For these studies can demonstrate the essential of 
combining local electrical characterization techniques to 
investigate the local current and potential properties of 
kesterite materials. The surface potential near GBs shows 
negative band bending behaviors with about 300 meV of 
energy shift. In the current map, the dominant current 
flow path is observed through GBs, which is governed by 
minority carriers. Most of the electrical properties of the 
CZTSSe are very similar to the CIGS, but we will study 
more the details to explain the physical and chemical 
properties in the interface of the CZTSSe thin films for 
high conversion efficiency. 
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Figure 4 A proposed band bending near the GBs of the CZTSSe 
thin films. The band diagram also accounts for the minority carrier 
transport near the GBs. 
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